Optical pulses generated by mode-locked lasers are increasingly used in a variety of applications, supporting developments in many scientific, commercial, and industrial areas. 1, 2 The success of lasers in this field is partly fueled by their ability to generate pulses matching various use needs. [1] [2] [3] [4] [5] In medicine, depending on the particular application (e.g., surgery 2 or imaging 4, 5 ), optical pulses operating at specific wavelengths are needed to fit the absorption and scattering profile of a tissue. 6 For example, in tissue imaging, 4, 5 wavelengths in the $1-1.5 lm range minimize photodamage and maximize penetration depth. [1] [2] [3] [4] [5] Similarly, the pulse duration specifies the type of laser-tissue interaction that may occur, [1] [2] [3] [4] [5] while the pulse repetition rate controls the interaction speed. [1] [2] [3] [4] [5] Ultimately, the optical power delivered to the sample needs to balance the desired laser-tissue interaction with any non-desired, e.g., photodamage, effects. [1] [2] [3] For example, in nonlinear microscopy lasers with high, $kW level, peak powers are used to generate nonlinear signals of interest while keeping the average power at a few 10 s mWs, i.e., below the sample photodamage threshold. 1, 3, 5 An important goal is to enable real-time imaging in the operating room or outpatient setting, 3, 4 requiring compact and stable light sources. 1, 3, 4 Commercially available solid-state lasers, such as titanium-sapphire (Ti:Sa) pumping optical parametric oscillators (OPOs), can provide a 700-4000 nm tuning range with several 100 mWs average power. 7 However, both are complex and expensive systems, relying on bulk optics. 1 This has driven a research effort to find novel approaches, not only capable of producing short pulses, but also cheaper, simpler, broadband, and stable. Fiber lasers are attractive platforms for short pulse generation due to their simple and compact designs, 8 efficient heat dissipation, 2 and alignment-free operation. 1,2 These characteristics, combined with advances in glass technology 9, 10 and nonlinear optics 11 resulted in systems working from the visible to the mid-infrared. 9 In fiber oscillators, ultrashort pulses can be obtained by passive mode-locking. This typically requires the aid of a non-linear component called a saturable absorber (SA). 1, 8 Graphene 12,13 and carbon nanotubes (CNTs) 12, [14] [15] [16] [17] [18] have emerged as promising SAs for ultrafast lasers. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In CNTs, broadband operation is achieved by using a distribution of tube diameters, 17, 20 while this is an intrinsic property of graphene. 32 This, along with the ultrafast recovery time, 33 low saturation fluence, 13, 31 environmental stability, 29 and ease of fabrication, 34 and integration, 35 makes graphene an excellent broadband SA. 41 Various approaches have been used to prepare GSAs for mode-locked fiber oscillators with output powers greater than 10 mW, as required for laser imaging. 1, 3 For example, dispersions produced by liquid phase exfoliation (LPE) of graphite 42 were used to generate $60 mW at 1.1 lm, 43 and $15 mW at 1.5 lm. 44 Films grown by chemical vapor deposition (CVD) with 1 layer, 45 1-2 layers, 46 and several layers 47, 48 were used to generate $115 mW at 2 lm, 45 $15 mW at 1.5 lm, 46 $44 mW at 2 lm, 47 and $174 mW at 1.5 lm. 48 Graphene oxide (GO) was also used as an SA, to generate $148 mW at 1 lm, 49 and $80 mW at 1.5 lm. 50 However, GO is an insulating material with many defects and gap states 51 and may not offer the wideband tunability of GSAs. Flakes grown by CVD require high substrate temperatures, 35 followed by transfer to the target substrate. 35 LPE has the advantage of scalability, room temperature processing, and high yield, and does not require any substrate. 35 Dispersions produced by LPE can be easily integrated into various systems. 34, 35 Here, we use a LPE polymer-free graphene film coated on a fiber based connector as SA. Based on this, we demonstrate mode-locking of an all-fiber laser, achieving stable pulses with $370 fs in duration over a continuous output power tuning range from $3.5 to $52 mW. This enables simple and robust light sources for applications such as laser imaging, 3 with adjustable output power and no need of amplification stages.
The GSA is prepared and characterized as described in Ref. 38 . Graphite (Sigma Aldrich) is exfoliated via ultrasonic treatment in a solution of deionised water and sodium cholate (0.9 wt. %), 13, 52 followed by ultracentrifugation at 10 000 rpm for 1 h. The resulting 70% top dispersion is then filtered in vacuum through a nitrocellulose membrane (Millipore 100 nm pore-size filter). This blocks the flakes, while allowing water to pass through, resulting in a film on Published by AIP Publishing. 110, 243102-1 the top of the membrane. The film is then placed onto the tip of a fiber connector for physical contact (FC/PC), to be used in the laser, and on a quartz plate, for optical characterization, by applying pressure and heat ($90 C, to improve adhesion) for 1 h, followed by dissolution of the filter in acetone.
To monitor the film quality after filtration, we characterize it by Raman Spectroscopy at 457, 514, and 633 nm, using a Renishaw InVia micro-Raman spectrometer. Figure 1(a) plots a typical Raman spectrum (black curve) of representative flakes of the LPE dispersion on Si/SiO 2 . 38 Besides
53
The D and D 0 peaks are assigned to the sub-micrometer edges of our flakes, 54 rather than to disorder within the flakes, 54 also supported by low Disp(G) $0.05 cm
À1
/nm, 55 much lower than in disordered carbons. 56 Fig. 1(a) plots the Raman spectrum (red curve) of the film on the FC/PC tip, with Disp(G) $0.02 cm À1 /nm. The full width at half maximum of the 2D peak, FWHM(2D), is $17 cm À1 larger than that of the LPE dispersion. However, the 2D peak is still Lorentzian; thus, even if the flakes are multi-layers, they are electronically decoupled and, to a first approximation, behave as a collection of single layers. 57 We conclude that the filtration does not affect the structure of the flakes in our film. Figure 1 (b) plots the GSA transmittance. Except for the peak at $266 nm, a signature of the van Hove singularity in the graphene density of states, 58 the spectrum has a featureless linear transmission from $500 to $2400 nm. The transmittance and absorption at 1555 nm (the laser wavelength) are $59% and $30%, respectively. Reference 38 used the transfer matrix formalism 59 to estimate the number of graphene layers (N). We apply this formalism and calculate, as a function of N, the absorption of our GSA. In this model, the film is approximated as a multilayered graphene on a quartz substrate. The overall absorption is calculated by evaluating the contributions of multiple reflections. By comparing our calculations with the data at 1555 nm, we estimate that a 30% absorption translates to N $35-40 layers.
The nonlinear optical transmittance is measured with an OPO (Coherent, Chameleon) delivering $570 fs pulses with 4 MHz repetition rate at 1555 nm. The optical transmittance is determined by monitoring the input and output power [ Fig. 1(c) ]. The transmittance increases from $54.9% to $60.6%, a change of $5.7%, suitable for mode-locking of fiber lasers, 60 that typically operate with higher gain and cavity losses 8 than their solid-state counterparts. 61 For our oscillator, we design a dispersion-managed soliton laser, able to support higher pulse energies than soliton lasers, 19, 22, 31 as shown in Fig. 2 , with a total cavity length of $8 m. We use a $2.3 m erbium doped fiber (EDF), with a second-order dispersion coefficient b (2) $ -7 ps 2 /km. This gives a net intracavity second-order dispersion $-0.07 ps 2 , typical of dispersionmanaged soliton lasers. 19, 22, 31 Unidirectional propagation is ensured by an optical isolator (ISO). A polarization controller (PC) is used for mode-locking optimization and stabilization. In order to reduce the effects that high power injected in the fiber could have on graphene 62 and its stability, the output of the laser is provided by the 70% port of a 70/30 output coupler (OC). Mode-locking starts at $28 mW pump power, with output power P out $ 3.7 mW. The average P out then scales linearly with pump power as in Fig. 3(a) , with a maximum P out $ 52 mW at 232 mW pump. For this power range, we measure a maximum $367 6 8 fs variation in the pulse duration, as shown in Fig. 3(a) . The pulse optical spectrum plotted in Fig. 3(b) , with Dk ¼ 8.2 nm spectral width, exhibits sidebands related to a periodic disturbance of soliton pulses in the laser resonator, 1,2 as expected for soliton operation in fiber lasers. 1 Removing the GSA results in CW operation of the laser [ Fig. 3(b), red line] . The corresponding intensity autocorrelation trace, pedestal free, is shown in Fig.  3(c) , with Ds ¼ 364 fs pulse duration, as determined by fitting a sech 2 profile to the pulse, as expected for soliton-like mode-locking. 63 This gives a time bandwidth product DDs ¼ 0.37, close to the expected transform limit 0.315. 64 The radio frequency (RF) spectrum of the pulse train, measured with a photodetector connected to an RF spectrum analyzer, is reported in Fig. 3(d) , for the first harmonic, 25.8 MHz, and up to 500 MHz. The fundamental repetition rate matches the cavity length, thus confirming single pulse operation. A signal-to-noise ratio $65 dB indicates pulse stability up to the maximum output power. For P out ¼ 52 mW, the corresponding pulse energy is E c ¼ 2 nJ and the peak power P peak ¼ 5 kW. For higher P out , i.e., increasing the pump power over 232 mW, pulse breaking is observed, which can be attributed to optical non-linearities in the fiber arising from high intra-cavity peak intensities. 63 Use of photonic crystal fibers with tailored nonlinearities 10 could enable higher output powers which, combined with the broadband nature of graphene, 32 could, in principle, extend our approach at other wavelengths.
Compared to Ti:Sa and OPOs, our all-fiber design, exploiting a GSA, is simpler to assemble, needing no critical alignment. A graphene-based all-fiber setup capable of P out $ 15 mW pulses at $1560 nm was reported in Ref. 65 . However, the use of a multilayer CVD graphene/polymethyl methacrylate structure complicates the fabrication process. 65 Reference 43 used a LPE based GSA to generate P out $ 60 mW at 1180 nm. Despite the higher P out , the pulses were $200 ns long, with lower P peak < 1 W, 43 than the $5 kW in our laser.
In conclusion, we demonstrated a mode-locked all-fiber laser with output power adjustable from 3.7 to 52 mW, using a graphene film as saturable absorber. The maximum pulse energy is E c ¼ 2 nJ corresponding to a P peak $ 5 kW, making it attractive for applications such as laser imaging. 
